Introduction {#Sec1}
============

Precise knowledge of the structure of the proton, expressed in terms of parton distribution functions (PDFs), is important for interpreting results obtained in proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}$$\end{document}$) collisions at the CERN LHC. The PDFs are determined by comparing theoretical predictions obtained at a particular order in perturbative quantum chromodynamics (pQCD) to experimental measurements. The precision of the PDFs, which affects the accuracy of the theoretical predictions for cross sections at the LHC, is determined by the uncertainties of the experimental measurements used, and by the limitations of the available theoretical calculations. The flavor composition of the light quark sea in the proton and, in particular, the understanding of the strange quark distribution is important for the measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ boson mass at the LHC \[[@CR1]\]. Therefore, it is of great interest to determine the strange quark distribution with improved precision.

Before the start of LHC data taking, information on the strange quark content of the nucleon was obtained primarily from charm production in (anti)neutrino-iron deep inelastic scattering (DIS) by the NuTeV \[[@CR2]\], CCFR \[[@CR3]\], and NOMAD \[[@CR4]\] experiments. In addition, a direct measurement of inclusive charm production in nuclear emulsions was performed by the CHORUS experiment \[[@CR5]\]. At the LHC, the production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z} $$\end{document}$ bosons, inclusive or associated with charm quarks, provides an important input for tests of the earlier determinations of the strange quark distribution. The measurements of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z} $$\end{document}$ boson production at the LHC, which are indirectly sensitive to the strange quark distribution, were used in a QCD analysis by the ATLAS experiment, and an enhancement of the strange quark distribution with respect to other measurements was observed \[[@CR6]\].Fig. 1Dominant contributions to $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ production at the LHC at leading order in pQCD
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons and charm quarks in pp collisions at the LHC probes the strange quark content of the proton directly through the leading order (LO) processes $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {g}+ \mathrm {s}\rightarrow \mathrm {W}^-{+}\mathrm {c} $$\end{document}$, as shown in Fig. [1](#Fig1){ref-type="fig"}. The contribution of the Cabibbo-suppressed processes $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {g}+\mathrm {d}\rightarrow \mathrm {W}^-{+}\mathrm {c} $$\end{document}$ amounts to only a few percent of the total cross section. Therefore, measurements of associated $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ production in pp collisions provide valuable insights into the strange quark distribution of the proton. Furthermore, these measurements allow important cross-checks of the results obtained in the global PDF fits using the DIS data and measurements of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z} $$\end{document}$ boson production at the LHC.
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                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ in hadron collisions was first investigated at the Tevatron \[[@CR7]--[@CR9]\]. The first measurement of the cross section of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}\mathrm {p}$$\end{document}$ collisions at the LHC was performed by the CMS Collaboration at a center-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^{-1}$$\end{document}$  \[[@CR10]\]. This measurement was used for the first direct determination of the strange quark distribution in the proton at a hadron collider \[[@CR11]\]. The extracted strangeness suppression with respect to $\documentclass[12pt]{minimal}
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                \begin{document}$$\overline{\mathrm {d}}$$\end{document}$ quark densities was found to be in agreement with measurements in neutrino scattering experiments. The cross section for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}= 7\,\text {Te}\text {V} $$\end{document}$ \[[@CR12]\] and used in a QCD analysis, which supported the enhanced strange quark content in the proton suggested by the earlier ATLAS analysis \[[@CR6]\]. A subsequent joint QCD analysis \[[@CR13]\] of all available data that were sensitive to the strange quark distribution demonstrated consistency between the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ measurements by the ATLAS and CMS Collaborations. In Ref. \[[@CR13]\], possible reasons for the observed strangeness enhancement were discussed. Recent results of an ATLAS QCD analysis \[[@CR14]\], including measurements of inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}= 7\,\text {Te}\text {V} $$\end{document}$, indicated an even stronger strangeness enhancement in disagreement with all global PDFs. In Ref. \[[@CR15]\], possible reasons for this observation were attributed to the limitations of the parameterization used in this ATLAS analysis \[[@CR14]\]. The associated production of a $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ boson with a jet originating from a charm quark is also studied in the forward region by the LHCb experiment \[[@CR16]\].

In this paper, the cross section for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$ bosons are selected via their decay into a muon and a neutrino. The charm quarks are tagged by a full reconstruction of the charmed hadrons in the process $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {D}^{*}(2010)^{\pm }}$$\end{document}$ decay receives very little energy because of the small mass difference between $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}{+}{\mathrm {D}^{*}(2010)^{\pm }}$$\end{document}$ production are measured within a selected fiducial phase space. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ cross sections are compared with theoretical predictions at next-to-leading order (NLO) QCD, which are obtained with [mcfm]{.smallcaps} 6.8 \[[@CR17]--[@CR19]\], and are used to extract the strange quark content of the proton.

This paper is organized as follows. The CMS detector is briefly described in Sect. [2](#Sec2){ref-type="sec"}. The data and the simulated samples are described in Sect. [3](#Sec3){ref-type="sec"}. The event selection is presented in Sect. [4](#Sec4){ref-type="sec"}. The measurement of the cross sections and the evaluation of systematic uncertainties are discussed in Sect. [5](#Sec8){ref-type="sec"}. The details of the QCD analysis are described in Sect. [6](#Sec11){ref-type="sec"}. Section [7](#Sec12){ref-type="sec"} summarizes the results.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\text { T}$$\end{document}$. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.

The silicon tracker measures charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
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Data and Monte Carlo samples and signal definition {#Sec3}
==================================================

Candidate events for the muon decay channel of the $\documentclass[12pt]{minimal}
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                \begin{document}$${\vec p}_{\mathrm {T}}^{\text {miss}} $$\end{document}$ are reconstructed using the particle-flow (PF) algorithm \[[@CR26]\], which reconstructs and identifies each individual particle with an optimized combination of information from the various elements of the CMS detector. The energy of photons is obtained directly from the ECAL measurement. The energy of electrons is determined from a combination of the electron momentum at the primary interaction vertex determined by the tracking detector, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with originating from the electron track. The muon momentum is obtained from the track curvature in both the tracker and the muon system, and identified by hits in multiple stations of the flux-return yoke. The energy of charged hadrons is determined from a combination of their momentum measured in the tracker and the matching ECAL and HCAL energy deposits, corrected for both zero-suppression effects and the response function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.
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                \begin{document}$${\mathrm {D}^{*}(2010)^{\pm }}$$\end{document}$ meson candidates are reconstructed from tracks formed by combining the measurements in the silicon pixel and strip detectors through the CMS combinatorial track finder \[[@CR20]\].

The signal and background processes are simulated using Monte Carlo (MC) generators to estimate the acceptance and efficiency of the CMS detector. The corresponding MC events are passed through a detailed [Geant4]{.smallcaps}  \[[@CR27]\] simulation of the CMS detector and reconstructed using the same software as the real data. The presence of multiple pp interactions in the same or adjacent bunch crossing (pileup) is incorporated by simulating additional interactions (both in-time and out-of-time with respect to the hard interaction) with a vertex multiplicity that matches the distribution observed in data. The simulated samples are normalized to the integrated luminosity of the data using the generated cross sections. To simulate the signal, inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {W}$$\end{document}$+jets events are generated with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps}  (v2.2.2) \[[@CR28]\] using the NLO matrix elements, interfaced with [pythia]{.smallcaps}8 (8.2.12) \[[@CR29]\] for parton showering and hadronization. A matching scale of 10$\documentclass[12pt]{minimal}
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Events in which more than one muon candidate fulfills all the above criteria are rejected in order to suppress background from DY processes. Corrections are applied to the simulated samples to adjust the trigger, isolation, identification, and tracking efficiencies to the observed data. These correction factors are determined through dedicated tag-and-probe studies.
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The fiducial cross section is measured in a kinematic region defined by requirements on the transverse momentum and the pseudorapidity of the muon and the transverse momentum of the charm quark. The simulated signal is used to extrapolate from the fiducial region of the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec9}
------------------------

The efficiencies and the assumptions relevant for the measurement are varied within their uncertainties to estimate the systematic uncertainty in the cross section measurement. The resulting shift of the cross section with respect to the central result is taken as the corresponding uncertainty contribution. The various sources of the systematic uncertainties in the $\documentclass[12pt]{minimal}
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Impact on the strange quark distribution in the proton {#Sec11}
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In Fig. [7](#Fig7){ref-type="fig"} the strangeness suppression factor is shown in comparison with the ATLASepWZ16nnlo and the ABMP16nlo, similar to Fig. 1 in Ref. \[[@CR15]\]. Whereas the CMS result for $\documentclass[12pt]{minimal}
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To investigate the impact of model assumptions on the resulting PDFs, alternative fits are performed, in which the heavy quark masses are varied as $\documentclass[12pt]{minimal}
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To compare the results of the present PDF fit with the earlier determination of the strange quark content in the proton at CMS \[[@CR11]\], the "free-s" parameterization of Ref. \[[@CR11]\] is used. There, a flexible form \[[@CR70], [@CR71]\] for the gluon distribution was adopted, allowing the gluon to be negative. Furthermore, the condition $\documentclass[12pt]{minimal}
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Summary {#Sec12}
=======
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The obtained values for the inclusive fiducial $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}{+}\mathrm {c}$$\end{document}$ cross section and for the cross section ratio are:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \sigma (\mathrm {W}{+}\mathrm {c})= & {} 1026 \pm 31\,\text {(stat)} \begin{array}{c} +76\\ -72 \end{array}\,\text {(syst)} \text { pb}, \end{aligned}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \frac{\sigma (\mathrm {W}^+{+}\overline{\mathrm {c}})}{\sigma (\mathrm {W}^-{+}\mathrm {c})}= & {} 0.968 \pm 0.055\,\text {(stat)} \begin{array}{c} +0.015\\ -0.028 \end{array}\,\text {(syst)}. \end{aligned}$$\end{document}$$The measurements are in good agreement with the theoretical predictions at next-to-leading order (NLO) for different sets of parton distribution functions (PDF), except for the one using the ATLASepWZ16nnlo PDF. To illustrate the impact of these measurements in the determination of the strange quark distribution in the proton, the data is used in a QCD analysis at NLO together with inclusive DIS measurements and earlier results from CMS on $\documentclass[12pt]{minimal}
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